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Abstract  
We present a detailed study of the wavelength influence in pulsed laser annealing of amorphous silicon thin films, 
comparing the results for material modification at different fluence regimes both in the three fundamental harmonics 
of standard DPSS laser sources, UV (355 nm), visible (532 nm) and IR (1064 nm), and KrF (248 nm) excimer laser 
sources. Samples of hydrogenated amorphous silicon thin films were irradiated and characterized with MicroRaman 
techniques. A finite element model (FEM) was developed in COMSOL to simulate the process. The numerical and 
experimental results are presented, proving that the process can be predicted with a model based on heat transport. 
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1. Introduction  
Pulsed laser crystallization has been widely applied to formation of polycrystalline silicon films and 
has been introduced to fabrication process of polycrystalline silicon thin film transistors (poly-Si TFTs) 
and solar cell applications [1-3]. Crystallization and grain growth technique of thin film silicon are among 
the most promising methods for improving efficiency and lowering cost of solar cells. A major advantage 
of laser crystallization and annealing over conventional heating methods is its ability to limit rapid 
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heating and cooling to thin surface layers. This is mainly controlled by the pulse duration time and the 
absorption depth of the laser light used in the material [4]. Laser energy is used to heat the amorphous 
silicon thin film, melting it and changing the microstructure to polycrystalline silicon (poly-Si) as it cools. 
Pulsed excimer lasers such as XeCl and KrF have been widely used for annealing of a-Si films [5-7] due 
mainly to the strong absorption of UV light in Silicon. However, regarding some limitations of these 
lasers, numerical and experimental analysis with other wavelengths, like CW diode lasers (808 nm) and 
pulsed green lasers (532 nm) have been recently studied [8-10]. 
 
Regarding the proved advantages of DPSS laser sources in production plants and the extent in the use 
of excimer lasers historically, the authors think that experimental and numerical comparative study on 
local crystallization using both conventional KrF (248 nm) excimer laser and the three fundamental 
harmonics of DPSS laser sources, UV (355 nm), visible (532 nm) and IR (1064 nm), could give useful 
information for the process implementation in solar cell industry. In the present work, we report 
experimental analysis of a-Si local crystallization by a single laser pulse irradiation in these four 
wavelengths, using nanosecond time regime. Numerical simulation is used to study the energy absorption, 
phase change and temperature evolution regarding the nanosecond laser pulse interaction on a-Si. The 
samples are irradiated with different energy regimes in order to evaluate the effect of the laser fluence on 
the a-Si crystallization. These experimental results are compared with the data obtained from the 
numerical simulation. 
2. Theory and numerical implementation 
The incident energy of the laser pulse is partially absorbed rising the temperature of the silicon layer. 
The absorbed light simultaneously excites the electronic states of silicon. The energy of the excited states 
is relaxed to lattice vibration states within the time on the order of 10 12 s. In the case of ns-order pulsed 
laser irradiation, lattice heat is, therefore, the most important interaction [7]. The heat energy generated at 
the surface region caused by light absorption diffuses into interior regions of the thin film. When the 
material is melted and cools down then solidifies to poly-Si phase. 
 
The heating process in the a-Si thin film is governed by the general heat transfer equation: 
 
[ ]( ) ( ) ( )p dTT C T k T T Sdtρ = ∇ ∇ +  (1) 
 
Where T is the temperature,  is the material density, Cp the specific heat, k the thermal conductivity, 
and S the heat source. The specific heat, density and thermal conductivity of the material (Cp(T), k(T)) are 
assumed temperature dependent. The specific heat of a-Si, Cp(T), is replaced by (Cp(T) + Lm) in the heat 
transfer equation, where Lm is the latent heat of melting and  is a Gaussian function given in Table 1. The 
additional term Lm takes into account the phase change effect within the temperature range of this study 
[12]. Analogous treatment is made in case of liquid-vapor phase change at the corresponding temperature 
Tv. Thermal properties and relevant parameters used for the simulation are listed in Table 1 [8, 11, 12]. 
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Table 1. Thermal properties, functions and parameters used in numerical modeling 
 Wavelength [nm] 
Parameters Symbol 532 355 1064 248 
Pulse time-width [ns]  15 17 15 7 
Beam radius [ m] rw 20 15 15 -- 
Absorption coefficient (solid) [m-1] s 1.25e7 1e8 1e6 1.75e8 
Reflectivity a-Si (solid) Rs 0.4 0.54 0.37 0.6 
Reflectivity a-Si (liquid) Rl 0.73 
Absorption coefficient (liquid) [m-1] l 1e8 
Phase change function  ( )
2
2
1 exp m
T T
TTπ
− −
ΔΔ
 
Source term (S)  ( ) ( )( , , ) ( , ) 1 ( ) ( ) exp ( )iS r z t P r t R T T T zα α= − −  
Fluence profile (DPSS sources)  
2
( ) exp 2p
w
rF r F
r
= −
 
Specific heat  [J kg-1K-1] Cp(T) (952+171*T/685) 
Thermal conductivity [W/(m*K)] k(T) (1.3e-9)*(T-900)3+ (1.3e-7)*(T- 900)2+(1e-4)*(T-900)+1 
Latent heat (melting) [J/g] Lm 1320 
Latent heat (vaporization) [J/g] Lv 13.6e3 
Melting temperature [K] Tm 1420 
Boiling temperature [K] Tv 2628 
 
The source term (S) in the Equation 1 refers to the incident laser beam in the model, which is assumed 
to be Gaussian or top-hat (depending on the laser source) for the irradiance distribution. A Gaussian 
profile is considered for the time evolution, while the distribution in depth follows the Beer-Lambert law. 
The whole source term S(r,z,t) is given in Table 1, with (T) as the material absorption coefficient, R(T) 
the surface reflectivity and Pi the incident laser power. The fluence profile is constant (top-hat) for KrF 
excimer laser source, while DPSS laser sources exhibit a Gaussian fluence profile (see Table 1) with peak 
fluence Fp, which is the value of the function F in the center of the laser pulse. 
 
The two dimensional non-linear heat transfer equation is solved numerically by means of COMSOL 
finite element method code [13]. So, a heat transfer time-dependent study is applied with a 2D-
Axisymmetric model. Regarding the symmetry of the problem, the model is restricted to two dimensions, 
r and z in cylindrical coordinates system, where r is the distance to the center of the laser pulse and z the 
depth dimension in the material. The model sample consists of a 2 m-thick a-Si layer on c-Si substrate. 
Due to the thickness of the a-Si layer and the maximum laser fluence involved, the substrate is not 
virtually affected during the process. Therefore the conclusions remain valid when changing glass instead 
of c-Si for the substrate. 
 
The numerical simulation gives the temperature evolution in the sample. The material is heated by a 
single laser pulse resulting in a fast increase of the a-Si surface temperature. When Tm temperature is 
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reached, the surface begins to melt. Then, the temperature of the melting layer will remain constant until 
the energy needed for phase change is absorbed. Depending on the laser fluence, the vaporization 
temperature Tv can be reached at the center of the irradiated area. In these cases ablation effects are 
expected and the annealing process becomes ineffective. As discussed later, the numerical model help to 
establish the fluence range needed to assure the melting and crystallization without damage or ablation of 
the silicon surface. 
 
3. Experimental procedure 
The samples of a-Si obtained by physical vapor deposition were irradiated by different laser sources. 
Laser irradiation was performed using different fluence regimes in the three fundamental harmonics of 
standard DPSS laser sources, UV (355 nm, Nd:YVO4 Hippo system), visible (532 nm, Nd:YVO4 
Explorer system) and IR (1064 nm, Nd:YAG Navigator system), with Gaussian irradiation profile, and 
excimer laser source UV (248 nm, KrF excimer ATLEX-200i/300i laser system), with top-hat profile.  
 
In order to control the number of pulses, lines of irradiated spots were carried out using a scanner. No 
overlapping of pulses was produced so as to study the crystallization by a single pulse.  
 
The morphology of the irradiated area was characterized by confocal laser scanning microscopy (Leica 
DCM3D) and Scanning Electron Microscopy (SEM Hitachi 3000N). The structural properties of the 
irradiated surface were studied by micro-Raman spectroscopy (Renishaw inVia Raman microscope). The 
measurements were performed in the range from 200 cm-1 to 850 cm-1 with a 100X optical microscope 
objective, scanning the irradiation area with an incident measurement spot of 1μm diameter. The 
excitation optical source consisted of an Ar+ laser tuned at the wavelength of 514 nm.  
 
Non irradiated samples show the usual Raman spectrum from the amorphous silicon with a broad band 
centered at 480 cm-1 corresponding to the TO phonon mode [14]. However, the irradiated areas show 
Raman spectra with two main contributions: one from the amorphous silicon with a broad band localized 
at 480 cm-1 and a second one from the nanocrystalline silicon formed during the laser annealing process 
with a sharp band centered at 514 cm-1. Due to the large thickness of the a-Si thin films, no residual 
contribution from the crystalline silicon substrate was observed.  In order to analyze the crystalline 
fraction ( C) of the irradiated area, the Raman spectra were fitted by three Gaussian line profiles. The 
centre of Gaussian profile contribution of amorphous silicon is set at 480 cm-1. The other two peaks are 
related to the contribution of the nanocrystalline silicon (Gaussian peak centered on 514 cm-1) and surface 
modes or silicon defects [15, 16].  
  
4. Results and discussion 
The laser fluence is widely identified as a key variable in the crystallization process [4]. The so-called 
critical fluence (Fc) is used by some authors to identify different crystal-growth regimes [17]. In our 
study, the fluence regime is used to classify both the numerical (temperature field evolution) and 
experimental (crystalline fraction) results. 
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According to the study, the irradiation with IR (1064 nm) wavelength gives qualitative results different 
to the rest (UV-355 nm UV-248 nm and VIS-532 nm). The Fig. 1 shows a confocal microscopy image of 
a single IR pulse laser spot (Fluence 1.5 J/cm2). The outline of the spot and the spattered surrounding area 
suggest the boiling and ejection of the material. Due to the low absorption coefficient of a-Si at this 
wavelength, the c-Si substrate behaves as a heat source after the absorption, heating the a-Si layer from 
the bottom and eventually producing boiling and material ejection. According to our results, thermal 
effects associated with pulsed 1064 nm nanosecond laser are a major drawback for laser annealing in the 
fluence range investigated. 
 
 
Fig. 1.  Confocal microscopy image of a single IR (1064nm) pulse laser spot (Fluence 1.5 J/cm2) 
As regards to the wavelengths UV-355 nm and VIS-532 nm, Fig. 2 shows the comparison between the 
local fluence profile and the experimental crystalline fraction of two laser spots irradiated with 532 nm 
laser and two different fluences. It is shown, from top to down, as a function of radius, two Gaussian 
fluence profiles (2a and 2d, peak fluence of 240 and 478 mJ/cm2 respectively), the experimental 
microscopy images of the irradiated areas (2b and 2e), and finally the corresponding crystalline fraction 
( C) profile (2c and 2f) obtained by Raman spectroscopy. The crystalline fraction ( C) value of 1 
corresponds to 100% polycrystalline silicon. These results shown in Fig. 2 for 532 nm are analogous to 
those obtained for 355 nm.  
 
In Fig. 2a and 2d, two fluence thresholds are also shown (dash black lines): the so-called minimum 
(F1) and maximum (F2) fluence threshold.  They have been calculated from the simulation as the fluences 
leading to a maximum temperature equal to the melting point and the liquid-vapour phase change 
respectively. According to our study, these values are the limits of the fluence range within which the 
annealing process should be developed. When the fluence is lower than F1 the energy of the laser pulse is 
not enough to melt the silicon surface and therefore no crystallization is observed. When the fluence 
exceeds the F2 threshold, ablation and damage of the material are expected. 
 
According to the profiles shown in Fig. 2a and 2d, the area of the spots irradiated with fluence larger 
than F1 are located inside two circles of radius ∼12 m and ∼17 m, respectively. Therefore some 
crystallization is expected here. The color variation of the different concentric areas, shown in Fig. 2b, 
suggests different material modification or different crystallization levels. By the other way, in Fig. 2d the 
area inside a circle of radius ∼10 m is irradiated with fluence larger than F2. That leads to a damaged 
area of radius ∼10 m, which can be seen in Fig. 2e.  
 
The crystallization profiles shown in Fig. 2c and 2f confirm these points. These profiles show an 
increasing crystallization level from the outermost radius up to a maximum located at the center of the 
spot, when F2 fluence is not reached (Fig. 2c) or up to a plateau, when the fluence F2 is reached (Fig. 2f), 
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corresponding to the damaged area in this case. The maximum, constant value of the crystalline fraction 
(Fig. 2f) is related to the removed material of the surface. 
 
 
 
 
 
 
 
 
 
 
 
According to these results, the fluence thresholds F1 and F2 predicted by the numerical model are 
consistent with those experimentally seen. In order to confirm this conclusion with more different fluence 
values and other wavelengths (532 nm, 355 nm, and 248 nm), Fig. 3 shows the maximum temperature 
from simulation (line) and the crystalline fraction (dotted) measured in the spot, as a function of the 
fluence, in the three wavelengths (VIS-532 nm, UV-355 nm and UV-248 nm). Low fluence thresholds 
(F1) corresponds to maximum temperature equal to Tm and zero value of C. The plateau shown both in 
the temperature and the crystalline fraction values indicates the high fluence thresholds (F2) in each of the 
wavelengths. When the laser fluence is within the range from F1 to F2, the crystalline fraction and the 
maximum temperature evolution are in good agreement, as the Fig. 3 shows. That suggests that the 
maximum temperature from simulation could be used as an indicator of the expected crystalline fraction 
in the annealing process. 
Fig. 2. (a) , (d) gaussian fluence profile (local fluence as a 
function of radius) of a green (532 nm) laser pulse. The 
peak fluence values are 240 mJ/cm2 (a) and 478 mJ/cm2 
(d). Black dashed lines indicate low (F1) and high (F2) 
fluence thresholds. (b), (e) microscope image of the 
corresponding irradiated areas. The color variation 
suggests different material crystallization. (c), (f) 
experimental crystalline fraction ( C) profile measured on 
the surface of the two spots. Again, the peak fluence 
values are 240 mJ/cm2 (c) and 478 mJ/cm2 (f) 
Fig. 3. Maximum surface temperature (line), from 
simulation, and experimental crystalline fraction C 
(dotted) versus laser fluence for (a) 532 nm, (b) 355 
nm and (c) 248 nm 
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5. Melt depth prediction 
When the amorphous silicon is melted and solidifies as polycrystalline silicon, the thermal properties 
of the material change. Using the above results of crystalline fraction ( C) versus fluence (F) for each of 
the wavelengths, we can create the function C (F) to modify the material properties in the numerical 
model taking into account the amount of the material that is expected to change. Thus, the material 
properties of silicon are defined as a weighted function of the properties from amorphous and 
polycrystalline silicon. The weighting factor comes from the function C (F). 
 
To validate the use of this function we have compared experimental results for the melt depth from 
literature [21] with our numerical results, using or not the C (F) function. Fig. 4 (left) shows two 
numerical simulations for melt depth calculation using (and not) the C (F) function. The results are 
compared to the experimental results from reference [18]. The use of C (F) seems to improve the 
numerical model for the melt depth prediction. Nevertheless, the complete validation of the use of this 
function is subject to further investigation. The fig. 4 (right) shows the melt depth results calculated using 
C (F) function for UV-248 nm irradiation of the sample of this study. 
 
 
Fig. 4.  (a) experimental and numerical results for melt depth with the use or not of function C ; (b) numerical melt depth results 
for UV-248 nm irradiation in this study 
6. Conclusions 
Single pulse laser annealing of a-Si using standard DPSS and excimer nanosecond laser sources has 
been numerically and experimentally investigated. A transient heat conduction numerical model was 
implemented in finite element software COMSOL Multiphysics to simulate the process. Experimental 
values from Raman spectra measurements were used to determine the local crystalline fraction obtained 
with different laser irradiation fluences and different wavelengths. 
 
The low absorption of a-Si and the thermal effects associated with pulsed 1064 nm nanosecond laser 
are a major drawback for laser annealing in the fluence range investigated. With regard to the other 
wavelengths of this study (UV-246 nm, UV- 355 nm and VIS-532 nm), experimental crystalline fraction 
and numerical results from simulation show reasonable agreement. In these cases the numerical model 
allows establishing the fluence range within which the annealing process should operate and gives useful 
information about the expected crystalline fraction depending on the fluence regime and the wavelength 
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used. The fluence thresholds predicted by the numerical model are consistent with those experimentally 
seen. The results concerning crystalline fraction can be used to improve the numerical model for the melt 
depth prediction.  On this basis, a process of annealing with multiple overlapped pulses or cw irradiation 
could be designed and optimized. Experimental validation of this issue is subject to further investigation. 
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